The activity of the overall pyruvate dehydrogenase complex was found to be similar in extracts of Aspergillus nidulans after growth on either sucrose or acetate. Eight mutants lacking the activity of this complex were found among some 200 glycolytic mutants selected for their inability to grow on sucrose. The absence of pyruvate dehydrogenase complex activity was also confirmed for a mutant, g6 (pdhA 1), isolated previously. Studies with the mutants supported the existence of two unlinked genes, pdhA and pdhB, controlling the function of the complex. In vivo and in vitro complementation between mutations at the two loci were shown by the ability of forced heterokaryons to grow on sucrose and by the restoration of overall pyruvate dehydrogenase complex activity in mixed cell-free extracts. The mutations were recessive to their wild-type alleles, and thepdhA andpdhB loci were assigned to linkage groups I and V, respectively.
The pyruvate dehydrogenase multienzyme complexes catalyze the oxidative decarboxylation of pyruvate through a series of enzymebound intermediates. These complexes contain three enzymatic components: pyruvate dehydrogenase (El), dihydrolipoyl acetyltransferase (E2), and the flavoprotein, dihydrolipoyl dehydrogenase (E3). The nature ofthe complexes and their molecular architecture have been studied extensively by Reed and co-workers using preparations from Escherichia coli (18, 20) and mammalian mitochondria (17, 18) . Similar pyruvate dehydrogenase complexes have been described in Azotobacter vinelandii (4), Streptococcus faecalis (19) , Saccharomyces cerevisiae and Kluyveromyces lactis (17, 24) , and Neurospora crassa (8) . Regulation of the activity of the mammalian pyruvate dehydrogenase complexes by phosphorylation (inactivation) and dephosphorylation (activation) of the El component is mediated by a specific kinase bound to the E2 component and a loosely bound phosphatase (12, 13). Similar controls occur inN. crassa and K. lactis but not in E. coli or S. faecalis (17, 22, 25) .
Genetic specification of the component enzymes of the complex has been studied extensively in E. coli (6, 9) and Salmonella typhimurium (11). Two closely linked genes (aceE and aceF) code for the El and E2 components, and a third closely linked gene (lpd) codes for the E3 component, which is also shared by the 2-oxoglutarate dehydrogenase complex.
We report here on the isolation of mutants in Aspergillus nidulans that lack activity of the pyruvate dehydrogenase complex, and we identify two unlinked genes which affect its function. These results offer the possibility of studying the genetic basis of the control of structure and function of the complex by introducing mutational lesions in its various components.
MATERIALS AND METHODS Organisms and culture conditions. The mutants were isolated in a translocation-free strain R21 (pabaA 1 yA; requirement for p-aminobenzoic acid, yellow conidia) from the Glasgow stock. A strain thought to lack pyruvate dehydrogenase complex activity, and originally called g6 (21) , was supplied by A. H. Romano; it is now designated pdhA1 (5). The "master strain" R87 (FGSC105) (biA 1 AcrA 1 wA3phenA2pyroA4 lysB5sB3 nicB8 coAl) was used in mitotic haploidization (14) .
Media and culture methods used in genetic analysis and in growth of mycelium for enzyme assays were as described previously (3) .
Isolation of mutants. Enrichment for glycolytic mutants was achieved by the use of a filtration technique. A suspension of washed conidia was treated (1) with N-methyl-N'-nitro-N-nitrosoguanidine and produced 0.5% survival. The conidia were inoculated into liquid minimal medium at a final concentration of 106/ml with sucrose (0.02 M) as the carbon source, and the suspension was incubated at 370C on a gyratory shaker. Germinating conidia and mycelium were removed by aseptically filtering the suspension at intervals through cheesecloth until no further growth occurred. The viable count of surviving nongerminated conidia was determined on minimal medium with acetate (0.10 M) as the carbon source, and suitable dilutions of the suspension were PYRUVATE DEHYDROGENASE MUTANTS OF ASPERGILLUS 1223 plated in this agar medium. After further incubation, the resultant colonies were replicated to sucrose minimal medium to identify the glycolytic mutants.
Genetic analysis. Conventional techniques for genetic analysis in A. nidulans were followed (16) . Genes were allocated to linkage groups by mitotic haploidization with a "master" mapping strain (14 Some 200 mutants unable to utilize sucrose were isolated, and among these a number were identified as potentially deficient in either pyruvate carboxylase or pyruvate dehydrogenase by their inability to utilize either glycerol or Lalanine (providing intracellular pyruvate) as carbon sources. These two classes of mutant can be discriminated since pdhA1, a strain thought to lack pyruvate dehydrogenase (21) , grows on butyrate, whereas this carbon source does not support growth of pyruvate carboxylase (pycA) mutants (15) . Although the biochemical basis of this phenotype is unknown, it was used to recognize eight more potential pyruvate dehydrogenase mutants.
Enzyme activities. Cell-free extracts of A. nidulans strain R21 were shown to contain overall activity of the pyruvate dehydrogenase complex by the pyruvate-dependent reduction of 3-acetylNAD. The activity of the complex was similar in extracts of sucrose-or acetategrown mycelium (Table 1) . Absence ofpyruvate dehydrogenase complex activity in pdhA 1 was confirmed, and the eight new mutants were likewise found to lack this activity.
Functional relationships between pdh mutants. Two methods were used to establish the Second, the ability of the mutant strains to complement in vitro was tested by looking for the restoration of overall pyruvate dehydrogenase complex activity when cell-free extracts of different pairs of mutants were mixed ( Table 2) . In each case, those mutants complementing pdhA1 for growth were also found to restore overall enzyme complex activity in mixed extracts, thus confirming that the two groups of mutants have different functional lesions in the enzyme complex. Moreover, those mutants not complementing pdhA 1 for growth failed to restore activity of the enzyme complex in mixed extracts. In addition, no enzyme activity was found when one member of the group of mutants complementing pdhA, i.e., mutant 107, was tested in mixed extracts with the remaining members of the same group.
Taken together, these in vivo and in vitro complementation data constitute strong evi- dence for a second functional gene, designated pdhB, that affects activity of the pyruvate dehydrogenase complex in A. nidulans. Moreover, since overall activity of the enzyme complex can be restored in vitro by simply mixing cell-free extracts, it is clear that the complex and its components are in a state of equilibrium such that active subunits are readily incorporated or reassembled to form an active complex.
We were not able to demonstrate conclusively which components were affected by the mutations. Attempts to assay pyruvate dehydrogenase component (El) using the ferricyanide assay (7) were unsuccessful in the parental strain R21, presumably because the fungal complex is unable to donate electrons to ferricyanide. Mixing extracts of the A. nidulans mutants with extracts of one of two complementing E. coli mutants (A2T3 and A10) having deficiencies in the pyruvate dehydrogenase (El, aceE-) or acetyltransferase (E2, aceF-) components of the E. coli complex produced weak overall activity. The results tentatively suggested that pdhB mutants are deficient in El, and that pdhA mutants lack E2. However, this needs confirming when direct assays for the individual enzyme components of the A. nidulans complex have been developed.
Location of the pdhA and pdhB genes. The noncomplementing pdh mutants cannot be crossed in A. nidulans because the heterokaryon does not grow on hexose. However, the complementing pdhA and pdhB mutants crossed readily and segregated one-quarter wild-type (pdh+) progeny, thus indicating absence of close linkage between the loci.
Heterozygous diploid strains were synthesized between pdhA 1 and a master strain (R87) used to assign markers to linkage groups by mitotic haploidization (14) , and between pdhB 1 (mutant 107) and R87. In each case, the diploids grew normally upon sucrose, showing that the pdhA 1 and pdhB1 mutations are recessive to their wild-type alleles.
The pdhA locus was assigned to linkage group I by mitotic haploidization (Table 3) . Recovery of haploids carrying the mutant allele pdhA 1 was poor, since haploidization was done on media containing sucrose and acetate, where growth of the wild-type is more vigorous than that of the mutant. This effect was even more pronounced in the case of pdhB1, where no haploids carrying the mutant allele were recovered (Table 3) . However, allocation of the pdhBl to linkage group V is unambiguous, since all the haploids were lysB5 and none was lysB+, showing that the configuration of chromosome pair V in the diploid must have been: R87 lysB5 pdhB+ 107 lysB+pdhBl The pdhA locus was mapped 30 units distal to the yA locus by meiotic analysis.
The phenotype of the pdh mutants demonstrates the essential role of the pyruvate dehydrogenase complex for glycolysis in A. nidulans. Although the pdh mutants grow well upon gluconeogenic carbon sources, such as acetate, their conidiation is greatly diminished compared with R21, and this leads to poor viability of the mutant strains upon storage. As the pyruvate dehydrogenase complex is dispensible for growth on acetate, the high levels of enzyme found in extracts ofA. nidulans grown on acetate suggest that there may be a strong metabolic control inhibiting the activity of the complex under these conditions in vivo.
